The ionization dynamics of helium droplets in a wide size range from 220 to 10 6 He atoms irradiated with intense femtosecond extreme ultraviolet (XUV) pulses of 10 9 ÷ 10 12 W/cm 2 power density is investigated in detail by photoelectron spectroscopy. Helium droplets are resonantly excited in the photon energy range from ~ 21 eV (corresponding to the atomic 1s2s state) up to the atomic ionization potential (IP) at ~ 25 eV. A complex evolution of the electron spectra as a function of droplet size and XUV intensity is observed, ranging from atomic-like narrow peaks due to binary autoionization, to an unstructured feature characteristic of electron emission from a nanoplasma. The experimental results are analyzed and interpreted with the help of numerical simulations based on rate equations taking into account various processes such as multi-step ionization, interatomic Coulombic decay (ICD), secondary inelastic collisions, desorption of electronically excited atoms, collective autoionization (CAI) and further relaxation processes.
I. INTRODUCTION
The rapid development of short-wavelength free-electron lasers [1, 2, 3] (FELs) during recent decades is stimulating the investigation of the interaction between intense, highenergy light pulses and matter, and indeed it has become a very active field of research in atomic and molecular science [ 4 , 5 , 6 ] . Key questions are related to the ionization dynamics on an atomic level and on a sub-fs time scale, answers to which will help to develop an understanding of ionization processes in more complex systems. In pioneering experimental and theoretical studies, various new phenomena such as absorption enhancement [4, 7] and bleaching [6, 8, 9] as well as modification [10] and suppression [11] of electron emission have been discovered.
A detailed understanding of these mechanisms is of fundamental interest and i s particularly important for many future studies with novel light sources which are expected to open new fields in spectroscopy and x-ray imaging, such as recording movies of ultrafast processes and chemical reactions [12] . Depending on the power density, samples can absorb a large number of photons and thus be transformed into a highly excited, non-equilibrium state within femtoseconds. In this context, clusters play an important role. Tuning their size allows us to investigate intra-atomic vs. interatomic mechanisms, and even collective phenomena, thus bridging the gap between molecular and condensed matter physics.
Once a nanoscale object(e.g. a large molecule or cluster) absorbs more than one photon, ultrafast energy exchange between the constituents of the object is expected to crucially impact the relaxation dynamics. Ionization by intense XUV pulses is heavily influenced by the 'complex' electron dynamics, either due to multi-electron collisions with energy exchange [10] or by novel types of autoionization processes related to interatomic Coulombic decay (ICD), as predicted recently [13] . According to that work, clusters resonantly irradiated by intense light pulses with photon energy insufficient to ionize t h e atoms by single photon absorption, efficiently autoionize due to energy exchange between two excited electrons. Neighbouring excited atoms exchange energy resulting in the ionization and emission of the electron from the cluster (Fig. 1a) . After autoionization the free electron either ionizes the third excited atom (Fig. 1c) or promotes the excited electron to higher Rydberg states ( Fig.1.d ). In the case when three excited atoms are in direct contact (Fig.1b) , inelastic collisions are expected to be even more efficient and dominant [14] . Schematic diagram of (a) ICD process [13] , (b) CAI type process involving three excited atoms, and (c), (d) CAI with electron scattering on a third neighbouring excited atom [14] .
Since this process is based essentially on the sequential absorption of single photons, it is very efficient and thus can easily outrun multi-photon processes [13, 14] . With increasing power density an unusual form of multiply-excited, but rather cold plasma-like state forms which is expected to autoionize on a fs to ps-time scale. The first evidence for such an ionization process in Ne clusters has been reported recently [15, 16, 17] .
Subsequent experimental work on He nanodroplets showed a strong enhancement of ionization rates upon resonant excitation of the nanodroplets with respect to direct ionization [14, 18] . This was explained by an ultrafast collective autoionization process (CAI) related to ICD, where several electronically excited atoms are involved.
This process was identified through electron spectroscopy - [14] , where the dynamics of He nanodroplets resonantly excited to the 1s2p atomic-like states [19] by intense femtosecond XUV pulses was investigated. The electron spectra reveal that in this case, a high-density nanoplasma with a large number of electrons in bound excited states is formed. The novel ionization mechanism is characterized by fast energy exchange and subsequent autoionization of at least three electrons in excited states [14] . In that study, however, many questions still remained open, especially pertaining to the transition from two-body ICD to complex many-body autoionization, as a function of power density and droplet size.
Therefore, precise measurements using simple model systems can add to the fundamental understanding of such decay processes in the condensed phase. Here, we present experiments and simulations with helium (He) nanodroplets which feature (i) an extremely simple electronic structure of the He constituent atoms, (ii) extremely weak interatomic van der Waals interactions, and (iii) a homogeneous, superfluid density distribution which is nearly independent of the droplet size [2, 3] .
In the present study, we address the autoionization dynamics, especially the transition from two-body ICD to complex many-body autoionization. We present detailed investigations, showing the dependence of photoelectron spectra with respect to the droplet size and power density. Additionally, a through description of the processes involved based on numerical simulations is also given. The article is organized as follows. In Sec.II we briefly describe the experimental setup. The theoretical model, details of the simulations and a system of rate equations are the subject of Sec. III. Experimental and simulation results are discussed in Sec. IV. In the last section, a summary of the results, a conclusion and an outlook are given.
II. EXPERIMENTAL PROCEDURE
The experiment was performed at the low density matter (LDM) beam line [20] of the FERMI FEL [3] . FEL pulses with photon energies in the energy range 19 -40 eV having a wide range of pulse energies (0.2-30 µJ) were focused by a Kirkpatrick-Baez optical system [21] to a spot size of around 300 µm (FWHM) diameter for photon energies h below the first ionization potential (I P ) of He, and to 20 µm (FWHM) diameter for hν>I P , respectively. The FEL polarization was chosen to be linear and the axis to be perpendicular with respect to a detector axis, while the estimated pulse length is 130 fs (FWHM). Taking into account the estimated transmission of all optical components of the beamline ( 38 %), the power density in the interaction region is calculated to be in the 10 9 -10 12 W/cm 2 range. The second order radiation of the FEL beam is in order of few percentages. He nanodroplets with an average number of atoms from 220 up to 10 6 were produced in a supersonic expansion of He gas at 50 -80 bar stagnation pressure through the conical nozzle (100 μm diameter, half-opening angle of 45°) cooled to a temperature of 28 -5 K with a precision of ± 0.1 K. The droplet size is determined based on titration measurements performed separately [22] . The kinetic energy distribution of emitted electrons was measured using a velocity map imaging (VMI)
spectrometer. The kinetic energy distributions were reconstructed using a standard Abel inversion method [23] , taking into account the calibration curve of the VMI spectrometer. The uncertainty of the energy calibration, E/E, was determined to be less than 4% for electron kinetic energies above 10 eV and less than 12% for energies below 10 eV.
Experimental photoelectron spectra for direct photoionization of He nanodroplets at ℎν =42.8 eV (> I p =24.59 eV) and various power densities are given in Fig. 2a ). The FEL intensity is varied between I=1×10 12 -8×10 12 W/cm 2 using a gas cell attenuator [ 2 4 ] and the data are sorted into bins according to the incoming pulse intensities. VMIs averaged for each bin are converted to kinetic energy distributions by inverse Abel transformation. In this work, the inversion of the background subtracted 2D
images was performed using the pBasex method introduced by Garcia et al. [23] combined with a Windows type graphical user interface which has extensive image manipulation features [program available from the authors on request.]. For the highest power densities (see Fig. 2a ) there are at least two prominent maxima: a first one around 17.0 eV due to direct photoelectron emission; a second one around 0 eV which exponentially decays towards increasing energies, indicative of evaporative electron emission from a nanoplasma [25] .
III. Numerical simulation
The full dynamics of the ICD and CAI processes induced in He nanodroplets by resonant excitation of the 1s  2p transition by strong EUV laser fields ideally should be simulated using a quantum mechanical description, which unfortunately currently cannot be achieved.
Instead, semi-classical approaches are widely used to model interaction processes in clusters [26, 27] . These are based on the description of the atomic ionization processes via suitable rates, whereas the dynamics of the resulting ions and electrons is treated by classical dynamics [28] . Unfortunately, this approach is difficult to apply to resonantly exited He nanodroplets due to the contribution of several processes and their correlations. Therefore, at present, our experimental results can only be treated by numerical simulations, i.e. via
Monte Carlo sampling, based on a simplified model given by a system of rate equations of various processes such as multi-step ionization [10, 25] , interatomic Coulombic decay [13] , secondary inelastic collisions [10, 14] and desorption of electronically excited atoms in He droplets [29] , as well as other relaxation processes discussed below.
As has been shown in [14] , at a photon energy well above the first I P of the He nanodroplet, photoelectron spectra can be interpreted by a sequence of direct electron emission events in the developing Coulomb field, which is called multi-step ionization [11, 25] . While the droplet absorbs many photons, electrons are ejected one after another thereby charging up the droplet. As a result, electrons emitted at later stages need to overcome the Coulomb potential created by the charged droplet and thus lose more energy [11, 25] . The escape of electrons is described as an instantaneous process, i.e., the emitted electrons leave the droplet before the next ionization event occurs, thereby neglecting any further energy exchange. Assuming a droplet ionization process as a series of instantaneous electron emission events due to direct photoemission from the developing droplet Coulomb field and accepting that the ionization events are counted only if the single-particle energy of the released electron is positive, the asymptotic kinetic energy of an electron released from the jth ion is determined by [11, 25] 
where ℎν is a photon energy, I p is the ionization potential and i runs over all other ions with charge state (integer number) and distance between electron and ions, , are considered. At sufficiently high power density, the emission process stops since the electrons cannot escape from the high Coulomb potential of the droplet and the electron emission becomes frustrated [11] .
Monte-Carlo simulations of multi-step photoionization of He nanodroplets at h=42.8 eV photon energy (peak structure between 2 and 14 eV) in combination with the characteristic tail due to evaporative electron emission (exponentially falling distribution between 0 and 2 eV) are shown in Fig. 2b ). Since experimental and simulated results are in good agreement, we conclude that He nanodroplets irradiated at h> I p follow similar photoionization dynamics as small heavier rare-gas clusters, which feature a characteristic plateau in the photoelectron spectrum [11, 25] . Electrons released by autoionization should be affected in the same way by the developing Coulomb field as photoelectrons. Therefore, the effect of multi-step ionization -broadening of photolines and the formation of a plateau -is also taken into account in our simulations for h < I p .
In the case of h=21.5 eV, autoionization can only be triggered by efficient interatomic electronic decay processes like ICD [13] or by two-photon ionization processes. Considering , two-photon ionization processes are not expected to significantly contribute to the ionization signals and are therefore neglected in our model. As shown in [18] , the fraction of He nanodroplets ionized by sequential two-photon ionization at h=21.6 eV and I=10 13 W/cm 2 is expected to be 0.6 % while non-sequential two-photon ionization is not observed. Stimulated emission is neglected due to efficient depletion of He excited states via ICD. Therefore, in our model for multiply excited He nanodroplets, we assume ICD to be the only significant ionization process which we refer to as multi-step ICD. Since the ICD mechanism is expected to be very efficient [13] , one assumes that every pair of He droplet excited states will undergo ICD producing one ionized and one neutral atom, respectively.
Furthermore, fast electronic relaxation [31] of the droplet excited states to low lying 2 1 S, 2 3 S, 2 1 P atomic excited states has been observed in our experimental results (see Fig. 3 ).
Here, the electron spectra of He droplets with N=2800 atoms irradiated at different photon energies are presented. As seen, the position of the main peak at 16.6 eV (feature "a"), which corresponds to ICD of pairs of 1s2s 3 S atomic states, is independent of the photon energy, while the position of the features "b", "c" and "d" due to the second harmonic radiation is changed. Thus, when He droplet is irradiated at h=21.5 eV (dotted red line, ), the feature "c" on the right hand shoulder at 18.43 eV electron energy matches the maximum of atomic electron spectrum irradiated at h=43.0 eV (dashed black line, second harmonic of 21.5 eV). In the case of hν = 21.02 eV (dotted blue line, ) and hν = 22.6eV
(dotted green line, ), lower (feature "b" at 17.5 eV) and higher shifts by  1 eV (feature "d" at 20.8 eV) with respect to maximum "c" are observed. For hν = 22.6 eV, the peak around 16.6 eV is smaller than the one around 20.8 eV for the dotted green line ( ), since the direct photoionization by the second harmonic is more efficient than ICD due to the low excitation cross section. [19] . After excitation of a He droplet at 21.5 eV the droplet most probably relaxes to low lying 2s and 2p atomic excited states (green arrows, ), followed by ICD (blue arrows, ).
The fast electronic relaxation process of He droplet excited states decaying to low lying 2 1 S, 2 3 S, 2 1 P atomic excited states has recently also been observed by measuring the decay time of band-excited states in pump-probe experiments [31, 33] . It is shown that the band-excited state at h=21.5 eV in He nanodroplets consisting of about 40,000 atoms decays to the atomic 1s2p and 1s2s states within few tens of fs. Subsequently, 1s2p
relaxation takes place with a characteristic decay time of 400 fs, followed by slow 1s2p ( 1 S o )  1s2s ( 3 S 1 ) relaxation (ps time scale) [31, 33] . The relaxation time may slightly depend on droplet size, since the average atomic density is size-dependent. Various important relaxation processes in He nanodroplet are schematically depicted in Figure 4 . At the beginning, 2p droplet excited states * undergo fast relaxation to the atomic 1s2p 1 Based on the processes mentioned above as well as the proposed way of computing the number of excited and ionized states in [13] by solving a system of rate equations, we model the evolution of excited He droplets by the following system of rate equations
Here, ∑ • * • * ( ) 2 is the sum of ICD decay rates over i excited states, i.e., i runs over To simulate the electron spectra, we solve the rate equation model numerically using the Monte-Carlo method. We start the simulation by determining the number of droplet excited states over the whole FEL pulse with a simulation time step of 1 fs based on the FEL power density, FEL pulse width and He droplet excitation cross-section per atom  o [14, 32] .
Assuming fixed positions of excited states in space, we randomly distribute He excited states over the nanodroplet. For every time step of the simulation we evaluate the probability of undergoing a discrete relaxation or ICD ionization process. Final electron spectra are obtained by summing over the modelled multi-step ionization processes [25] of individual ICD components (based on formula (1)):
For large He nanodroplets, where high order ICD/CAI processes contribute, the system of rate equations changes correspondingly (see explanation below). Finally, the obtained electron spectra are convoluted by the energy resolution of the VMI spectrometer (see Table 1 ).
Intensity-averaging over the volume of the focus is not taken into account in our simulation.
All parameters relevant for the numerical simulation are given in Tab. 1. As an example, the simulated ionization dynamics of a small size He nanodroplet (250 atoms)
resonantly irradiated at hν = 21.5 eV by a 130-fs FEL pulse at I=2.4x10 10 W/cm 2 is shown in Figure 5 . When the FEL beam interacts with He nanodroplets, a large numbers of 2 -excited states ( * ) are formed resulting in "quasi"-free electrons in the droplets due to ICD. As has been shown in [10] and [14] , inelastic electron collisions in this case are very efficient.
Therefore, the number of excited He atoms . ( ) (see Fig.1(d) ) and the number of ionized atoms . ( ) (see Fig.1(c) ) by inelastic electron collisions as a function of time t is given by
where
(4b) Here 2 → and 2 → are the electron-impact excitation and electron-impact ionization cross sections of the He atom from the 2p excited state to high lying nl levels and to the continuum, respectively. Equation (3b) contains the sum of 2 → electron-impact excitation cross sections, where the principal quantum number n runs over the states whose contributions to the total cross section is largest.
Another important relaxation process, which also has to be considered, is the highly efficient desorption of electronically excited atoms and molecules from He droplets [29, 37] . As has been explained in [29] , excited atoms He* and molecules (excimers) He 2 * tend to form bubble states around them due to Pauli repulsion of the outer electron and the surrounding He.
Owing to the superfluid state of the He nanodroplets, the bubble states freely move to the surface where the He* and He 2 * are ejected into vacuum. Since the electronically excited molecules desorbing from the droplet are far from being thermalized, the coupling between the electronically excited molecule and the droplet is very weak. Therefore we assume that the excited species leave the droplet in a very short time [37] . This effect is taken into account by
where k is the desorption rate constant.
In this way, electron spectra of He nanodroplets where inelastic electron collisions start to play a role have been modelled using the rate equation system
As an example, the simulated ionization dynamics of He nanodroplets (50 000 atoms) resonantly irradiated at hν =21.5 eV by 130-fs FEL pulses at I=2.6x10 10 W/cm 2 is shown in Figure 6 . 10 W/cm 2 power density. The total number of exited atoms * ( ) is shown by the solid red () line. The evolution of excited states * ( ) due to both ICD decay and desorption (solid blue line, ) of the excited atoms is given by the solid magenta () line. The total number of created ICD electrons and the discrete number of non-scattered ICD electrons (non-scat. ICD e -) are shown by the dashed black (--) and dashed red (--) lines, respectively. Inelastic electron-impact excitation of 2p excited states to high-lying nl levels (e-scattering, 2p->nl) is shown by the dashed green (--) line, respectively.
In the case of large He nanodroplets, (see IV. RESULTS, subsection C), the ICD electron can scatter several times within a droplet thereby losing part or all of its energy in each collision. If more than two particles are involved in the process, the collective autoionization process (CAI) [14, 18] takes place. The corresponding term in the rate equation is
Thus, the system of rate equations for modelling the electron spectra of large He nanodroplets takes the form
As an example, the simulated ionization dynamics of He nanodroplets (50 000 atoms) resonantly irradiated at hν =21.5 eV by 130-fs FEL pulses at I=7.5x10 10 W/cm 2 is shown in Fig. 7 . 
IV. RESULTS
In the following we present both experimental and numerical results for the resonant excitation of He nanodroplets irradiated at hν =21.5eV by 130 fs pulses in the 10 10 -10 11 W/cm 2 power density range. To obtain sufficient statistics, the experimental results have been averaged over 3000 shots and ensemble averaging over 10 5 simulations is performed.
A. ICD in small size He droplets
To provide a basis for the forthcoming discussions, we start our analysis from the simplest case, i.e., from the electron spectra of small He nanodroplets (220 atoms/droplet) resonantly irradiated at hν =21.5 eV and relatively low power densities. As has been discussed in the previous section, at these experimental conditions, electrons can only leave the He droplets due to ICD,
as predicted in Ref. [13] . The electron spectra of He droplets irradiated at hν=21. Detailed information about how the final electron spectrum is formed can be inferred from Good agreement between experimental data and numerical simulations is achieved when assuming an ICD time constant of 500 fs for all excited states. This value matches the results in [31, 33] . Furthermore, as it will be shown in subsections B and C, this value assures best agreement between our model and the experimental data in the whole range of droplet sizes and power densities.
The low kinetic energy component of the electron distributions is attributed to thermal evaporation of electrons out of the nanoplasma induced by collisional equilibration of quasifree electrons [11, 27] . This component is implemented in the simulated electron spectrum by adding a decaying fit function obtained from a polynomial fit of the experimental data (see Fig.9(a) ), from which we infer an electron temperature of about 0.45 eV / k B. As seen from the experimental results ( Fig. 9(a) ), the electron spectra are rather complicated and do not show a single line as predicted by the pure ICD model [13] . Instead, there are several overlapping peaks which can be assigned to ICD of pairs of 1s2s 3 
S, 1s2s
1 S and 1s2p
1 P atomic states [32] within a droplet, labelled as "a", "b" and "c", respectively.
(a Taking into account both ionization pathways and the decay times discussed above as well as multi-step ICD electron emission (see Sec. III), we simulate the electron spectra of resonantly excited He nanodroplets at 21.5 eV (see Fig. 9(b) ) for different power densities. As seen, the experimental and simulated results are in good agreement.
B. ICD in medium-sized He nanodroplets
Experimental electron spectra of medium-sized He nanodroplets (1000 atoms) irradiated at hν =21.5 eV are shown in Figure 10 (a). As seen, already under these conditions the structure of the electron spectrum becomes more complicated. Despite the fact that the features around 14.6 eV, 16.3 eV and 17.4 eV are less pronounced than for the small He droplets, they are assigned to ICD of pairs of 1s2s 3 S, 1s2s 1 S and 1s2p 1 P atomic states [32] within a droplet, correspondingly. The same model as for the small He droplets (see Sec. III) has been used for simulating the electron spectra for medium sized He droplets (see Fig. 10(b) ).
Based on our numerical simulations and especially on the fact that the same model provides good agreement between experimental and simulated results for two different droplet sizes, we conclude that the decay pathways for He 1000 nanodroplets are essentially the same as for
He 250 nanodroplets. The broadening of electron spectra is mainly caused by an increasing number of unscattered electrons, which then play a role in the multi-step ICD electron emission.
Increasing the number of atoms within the He nanodroplet up to 2 500 atoms leads to broadening of the spectral features (see Fig.11 ) due to the creation of a larger number of unscattered ICD electrons. As a consequence, the spectral components from different states merge to one broad peak, which shifts toward lower kinetic energies when increasing the power density (see Fig.11 ). In contrast to the small He nanodroplets, it becomes difficult to unambiguously assign the various decay channels and their contributions to the electron spectra. Nevertheless, our model still nicely reproduces the experimental electron spectra for resonantly excited He nanodroplets of 25 00 atoms. There are some deviations between experimental and simulated main peak widths for the low power densities (I~ 10 10 W/cm 2 ), but the peak positions remain the same for experimental and simulated cases. The broadening of the maxima in the numerical simulations can be explained by the fixed values of the decay rates in the simulation. In reality, these values can slightly vary depending on both droplet size and power density.
Our simulation shows that even at I=1.5x10 11 W/cm 2 , inelastic electron scattering is negligible for medium-sized He nanodroplets. Nevertheless, the structure of the electron spectra is drastically blurred by the large number of quasi-free electrons in collisional equilibrium [11, 25] , which leads to thermal electron emission [28] . Moreover, it relates to a clear transition from ICD autoionization to CAI where at least three excited atoms are in direct contact (see Fig. 1b ). The corresponding electron spectral component, from which we infer an electron temperature in the range of 0.3 -3.3 eV eV, is included into the simulation results (see Fig. 11b ).
C. ICD in large He nanodroplets
Resonant excitation of large He nanodroplets, i.e., in the case when the number of atoms per droplet exceeds 50000 atoms, leads to additional structures and broadening of the electron spectra (see Fig.12 ). As mentioned in section III, ICD electrons can scatter several times within a droplet, thereby losing part of their energy. Additionally, when more than two electronically excited atoms are involved, a transition from ICD to CAI [14, 18] takes places. For example, already at I=2.6x10 10 W/cm 2 (see Fig. 12 (a), dotted blue () line) a sufficiently large number of ICD electrons can scatter on 2p excited atoms within He 50 000 nanodroplets (see Fig. 6 , section III), and further excite the atoms to high-lying nl excited states. The ionization dynamics of atomic 1s2p 1 P 1 excited states within He 50 000 nanodroplets at the 130-fs FEL pulses and I=2.4x10 10 W/cm 2 is shown in Figure 6 (see section III.). A similar behavior is seen for 1s2s 3 S, 1s2s 1 S atomic excited states and droplet excited states. As a result, ICD-created electrons from all atomic excited states lose energy due to scattering leading to additional structures in the electron spectra. Additionally, the electron spectra of the individual components are strongly broadened due to multi-step ICD electron emission [11, 25] .
Further increase of the power density in He 50 000 nanodroplets even leads to multiple scattering events. Thus, the electrons created by ICD scatter on 2p excited atoms, transfering them to higher-lying nl excited states or to the continuum, see the dashed green (--) and dashed magenta (--) lines in Fig. 7 , respectively. In this way, the ICD electron loses its kinetic energy, depending on the scattering pathway. Since the number of 2p-excited states is still large enough, the same ICD electron can further scatter leading to secondary scattering processes, represented by the dashed cyan (--) and dashed blue (--) lines, respectively. In this way, the kinetic energy of ICD electrons is reduced.
As seen in Fig. 12 , there is a good agreement between experimental and simulated results.
Our experimental data clearly show that CAI [14] and thermal electron emission provide the main contributions to the electron spectra. At I=7.5x10 10 W/cm 2 , the primary contribution to the electron spectra stems from 'thermal' electrons (see Fig.13 ). This means that a large fraction of created electrons in a broad energy range at some point cannot overcome the Coulomb barrier, which leads to the frustration of multi-step ICD electron emission [25] . Thereby the quasi-free electrons are trapped in He nanodroplets leading to the formation of a cold plasma and to the evaporative emission of thermal electrons. Similar to the case of small He droplets, the contribution of the thermal electrons is taken into account by a polynomial fit of the experimental results with an electron temperature of 3.4 eV / k B .
When increasing the number of atoms in He nanodroplets up to 1 000 000, the general behavior of the electron spectra does not change much (see Fig.14) . Here, thermal electron Figure 14 . Measured electron spectra of extremely large He nanodroplets (N  1 000 000 atoms) irradiated at hν=21.5 eV and low power density.
emission plays the main role even at lower power densities. Additionally, as shown in [14] , a high-density plasma with broad electron features can be formed due to the fact that more than 3 or 4 excited atoms are in direct contact (see Fig. 1b ), leading to the formation of a "continuous network", i.e., when the excitation probability approaches a critical value of electronically excited atoms [14] .
V. SUMMARY AND CONCLUSIONS
The ionization dynamics of He nanodroplets irradiated by intense femtosecond extreme ultraviolet pulses in the range of power densities 10 9 -10 12 W/cm 2 and a photon energy of 21.5 eV have been investigated by photoelectron spectroscopy. Our experimental results are interpreted with the aid of Monte Carlo simulations based on a simplified model of rate equations including various processes such as multi-step ionization [10, 25] , ICD [13] , secondary inelastic collisions [10, 14] and desorption of electronically excited atoms from He droplets [29] , as well as electronic relaxation processes.
In the case of small He droplets (below 1 000 atoms), resonantly excited He-droplet states first effectively and rapidly decay to low-lying 1s2s 3 S, 1s2s 1 S and 1s2p 1 P atomic excited states by droplet-induced transitions. Subsequently, ICD takes place between pairs of electronically excited states, followed by multi-step ionization.
In the case of medium-sized He nanodroplets (a few few thousand atoms), a pronounced broadening of the electron spectra is observed and the different lines start to overlap due to an increase of the total number of created ICD electrons.
In the case of large He nanodroplets (> 50 000 atoms), inelastic electron scattering starts to play significant role and a cold, dense plasma forms. Furthermore, when more than two electronically excited atoms are involved, the ionization dynamics develops from two-body ICD-type processes to collective autoionization (CAI) and higher-order CAI and/or thermal electron emission dominate.
Our results provide a detailed understanding of how autoionization of droplets proceeds from a low excitation power densities characterized by single sharp electron emission lines to a complex ionization process involving many different processes, which eventually results in a cold dense plasma that emits electrons with broad energy distributions. A logical next step will be to perform time resolved measurements in order to directly access the complete time evolution of this system.
